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Assaying Estrogenicity by Quantitating the Expression Levels of Endogenous
Estrogen-Regulated Genes
Marianne J0rgensen, Brian Vendelbo, Niels E. Skakkebwk, and Henrik Leffers
Department of Growth and Reproduction, Rigshospitalet, Copenhagen, Denmark

Scientific edence suggests that humans and wildlife speces may experience adverse health conse-
quences from exposure to environmental chemicals that interact with the endocrine system.
Reliable short-term assays are needed to identifr hormone-dismpting chemicals. In this study we
demonstrate that the estrogenic activity of a chemical can be evaluated by assaying induction or
repression of endogenous estrogen-regulated 'marker genes" in human breast cancer MCF-7
cells. We induded four marker genes in the assay -pS2, transforming growth factor P3 (TGa933),
monoamine oxidase A, and ecl-antichymotrypsin- and we evaluated estrogeniic acivity for 17P-
estradiol (E2), diethylstilbestrol, ci-zearalanol, nonylphenol, genistein, methoxychlor, endosul-
phan, o,p-DDE, bisphenol A, dibutylphthalate, 4-hydoxy tamoxifn, and ICI 182.780. All four
marker genes responded strongly to the three high-potency estrogens (E29diethylstilbestol, and
-earalanol), whereas the potency of the other chemicals was 103- to 106-fold lower than that of

E2. There were some maker gene-dependent differences in the relative potencies of the tested
chemicals. TG$P3 was equally sensitive to the three high-potency estrogens, whereas the sensitiv-
ity to oc-zearalanol was approximately 10-fold lower than the sensitivity to E2 and diethyistilbe-
strol when assayed with the other three marker genes. TIhe potency of nonylphenol was equal to
that of genistein when assayed with pS2 and TG1f3, but 10- to 100-fold higherilower with
monoamine oxidase A and al-antichymotypsin, respectively. The results are in agreement with
results obtained by other methods and suggest that an assay based on endogenous gene expression
may offer an attractive alternative to other E-SCREEN methods. Key wordr. cri-antichy-
motrypsin, competitive PCR, differential display, endocrine disruptors, estrogen, estrogenicity
assay, gene expression, monoamine oxidase A, pS2, TGFiI3. Environ Health Perspect
108:403-412 (2000). [Online 17 Marh 2000]
htXp://ehpnetl.niehs.nih.govudocss/20/8p4034012jorpg4se4ab2tra/thtml

The presence of endocrine disruptors in our
environment has caused an increasing con-
cern of their possible impact on wildlife and
human health (1,2). Investigators have
focused on a possible decrease in human
semen quality and an undisputed increased
incidence of testicular cancer over the past
few decades (3,4). Although hypothetical,
these changes may be caused by intrauterine
exposure of the male fetus to estrogens or
antiandrogens (5). In addition, significant
increases in the incidences of prostate,
endometrium, and breast cancer, and mal-
formations of the external and internal
genitals have been observed over the past
40-50 years, and may also be associated with
increased exposure to estrogens (6a-8.

Environmental estrogens indude a variety
of very different chemicals such as polychlori-
nated biphenyls (PCBs), organochlorine pes-
ticides, alkylphenols, phthalates, and food
antioxidants (2,9-11). In addition, many
plants and fungi contain compounds with
estrogenic activity-the phytoestrogens and
mycoestrogens (2). The chemical structures of
these chemicals vary substantially, which
makes it difficult to predict their estrogenicity
solely on a structural basis.

Hence, there is a strong need for reliable
short-term methods that can rapidly detect
chemicals with estrogenic properties. This is

reflected in the ambitious Endocrine Dis-
ruptor Screening and Testing Program
(EDSTP), which was recently proposed by
the U.S. Environmental Protection Agency
(EPA), for which the EPA is concidering
more than 87,000 substances as potential can-
didates for testing. These compounds include
pesticides, commercial chemicals, ingredients
in cosmetics, food additives, nutritional sup-
plements, and certain mixtures. The EDSTP
is available online from the EPA website (12.

According to the EDSTP, the compounds
will be tested for effects on the estrogen,
androgen, and thyroid systems in humans,
fish, and wildlife by a combination of in vitro
and in vivo screening assays. The assays pro-
posed by the EPA to detect estrogenic chemi-
cals indude estrogen receptor (ER) binding
assays (13,14), transcriptional activation assays
(15), rodent 3-day uterotrophic assays (16),
rodent 20-day pubertal female assays (1;), and
the fish gonadal recrudence assay (18). For
chemicals that are positive in the screening,
this will be followed by longer-term studies to
determine whether the chemicals cause adverse
effects in humans, fish, and wildlife and to
establish a quantitative relationship between
the dose and the adverse effect.

Short-term estrogenicity assays in the
EDSTP. The validity and usefulness of some
of the assays included in the EDSTP and

other short-term estrogenicity assays was
recently evaluated in a comparison study by
Andersen et al. ( 1).

The in vitro assays are based either on
measurement of direct binding to isolated
receptors or on the induction of a reporter
gene regulated through the ER. ER binding
assays involve the competition of the test
compound with radiolabeled estradiol for spe-
cific binding to the ER in whole cells or in
cell homogenates (13,14). Alternatively, spe-
cific binding to isolated recombinant recep-
tors could be measured (19,20). The direct
binding assay can easily be automated and
thus scaled to accommodate testing of a large
number of compounds. However, the ER
binding assay only shows how well the tested
compound binds to the ER, but it does not
define the ligand as an agonist or antagonist.
Furthermore, chemicals that are metabolized
to estrogenic compounds in mammalian cells
are not detected in the cell free binding assays.

In reporter gene-based assays, yeast or
mammalian cells are transfected with the
human ER and a reporter gene, such as -

galactosidase or luciferase, under the control of
an estrogen responsive promoter. The activity
of the reporter gene is directly related to the
transcriptional activation activity of the test
compound (15). The yeast-based reporter
gene assays can easily be automated, but they
do not discriminate between estrogenic and
antiestrogenic chemicals (19,20). Mammalian
reporter gene assays are under development,
and they may eventually replace the current
yeast-based assays (21-23).

In the rodent 3-day uterotrophic assay,
estrogenicity is estimated as an increase in
uterine tissue mass in ovariectomized or
immature rodents after 3 days of treatment
(16); in the rodent 20-day pubertal female
assay, estrogenicity is indicated by accelerated
vaginal opening in weanling rats after daily
treatment beginning at 21 days of age (17).
Another commonly used in vivo estrogenicity
assay measures the level of the yolk protein
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vitellogenin in male fish, which is very low in
male fish but increases in a dose-dependent
manner after exposure to estrogenic com-
pounds (18); this is one of the primary end
points in the fish gonadal recrudescence
assay. The in vivo assays have several advan-
tages, especially the following: they take into
concideration the effects of metabolism, plas-
ma-protein binding, and pharmacokinetics;
and they typically cover a broader range of
mechanisms of actions than in vitro assays.
Because of their cost, complexity, and ethical
concerns, however, animal models are not
suited for large-scale screening of chemicals.

Currently used alternative assays. There
are several attractive short-term assays that
are not included in the EDSTP, including
the cell proliferation assay (E-SCREEN)
described by Soto et al. (9). The E-SCREEN
assay is based on the dose-response relation-
ship between the proliferation of human
estrogen-dependent breast cancer cells and
the concentration of estrogen to which the
cells are exposed during 6 days of incubation
(9). The sensitivity of the E-SCREEN assay
is relatively high, and it can discriminate
between estrogen agonists and antagonists.
However, the proliferative response is an
indirect effect, and the assay is complicated
by the toxicity of some compounds. Also, it
is undear to what degree proestrogens may,
or may not, be activated to their estrogenic
form in cultured cells.

In a clinical setting, the radioimmunoas-
say (RIA) is commonly used to measure
serum estradiol concentrations. Because it is
antibody-based, the RIA can only measure
17,B-estradiol (E2), although similar assays
probably could be developed for other com-
pounds. However, RIA assays have a detec-
tion limit of 10-20 pmol/L and cannot be
used to measure, for example, the concentra-
tion of estadiol in the serum of prepubertal
children (24).

Recently, Nishikawa et al. (25) proposed
an assay based on yeast two-hybrid measure-
ments of protein-protein interactions
between ER and coactivators. Because estro-
gen agonist binding leads to the dissociation
of corepressors and recruitment of coactiva-
tors, this assay measures both the ability of a
compound to bind to the receptor and
whether it recruits coactivators; therefore, it
yields more information than a simple bind-
ing assay. Furthermore, other protein-protein
interactions could be included: for example,
interactions with corepressors could discrim-
inate between agonists and antagonists
because antagonists generally do not displace
corepressors.

The sensitivity of the currently available
assays, measured as the lowest detectable con-
centration of estradiol, is very different. The
most sensitive is the MCF-7 cell proliferation

assay, in which concentrations as low as 0.1
pM can be measured (9); this assay may actu-
ally be able to measure concentrations in the
femtomolar range (26). The yeast-based
reporter gene assays are generally several
orders of magnitude less sensitive (27),
although measurements of very low estradiol
concentrations have been reported (15). The
fish vitellogenin assay can detect estradiol at
approximately 4 pM (18), whereas direct
binding assays generally require concentra-
tions in the nanomolar range (19,28).

Thus, there is a need for additional very
sensitive assays that can be used to verify
results obtained by, for example, MCF-7 cell
proliferation assays.

Assaying the expression levels of endoge-
nous genes. An alternative assay could be
based on quantitation of estrogen-induced
changes in the expression levels of endoge-
nous genes, either in cultured cells or in
selected tissues from exposed animals. For
example, Petit et al. (29) measured the induc-
tion of vitellogenin in trout hepatocyte cul-
tures to identify estrogenic compounds. With
an endogenous gene expression assay, it is
possible to assay for induction of genes that
are known to be regulated by different signal-
ing pathways as well as for genes that are
regulated directly by the ER. Compared to
this, a reporter gene assay will only reveal
how a single gene or promoter is regulated;
for example, effects caused by cross-talk
between different signaling pathways may
not be detected. In addition, assaying gene
expres-sion in several tissues from exposed
animals ensures that effects derived both
from the test compound and from its
metabolites are detected, including tissue-
specific effects.

In the end, all the end points currently
used to determine estrogenicity in animals
(and cells) are derived from changes in gene

expression, and these changes in the expres-
sion of endogenous genes could be as good
an end point as, for example, increased uter-
ine weight, provided the responsible genes
have been identified.

In this study we show that a cell-based
endogenous gene expression assay is very sen-
sitive and that it can be used to assay the
estrogenicity of different putative estrogenic
chemicals (Figure 1). Estrogenicity is evaluat-
ed as induction or repression of four endoge-
nous estrogen-regulated "marker genes"
selected from a collection of previously iden-
tified estrogen-regulated genes. The assay is
performed in human estrogen-dependent
breast cancer MCF-7 cells, and changes in
gene expression are assayed by a competitive
polymerase chain reaction (PCR) method
and displayed on PAGE gels as for differen-
tial display of reverse transcribed mRNAs
technology (DDRT-PCR) (30,31). The
expression levels are subsequently quantitated
by phosphor imaging.

Materials and Methods
Detailed step-by-step manuals for all proce-
dures related to DDRT-PCR can be obtained
from the DD Base web site (32.

Cell culturing and hormone exposure. To
avoid any sample-to-sample contamination,
we cultured all cells used in this study in 25
cm2 flasks. Human estradiol-dependent
MCF-7 breast cancer cells (a gift from P.
Briand; The Danish Cancer Society, Copen-
hagen, Denmark) were grown in DMEM
medium (Gibco BRL, Rockville, MD)
containing 5% fetal bovine serum (FBS;
Gibco BRL), 1 nM insulin (Roche, Basel,
Switzerland), 2 mM L-glutamine (Gibco
BRL), 1 x nonessential amino acids (Gibco
BRL), and 25 IU/mL penicillin-streptomycin
(Gibco BRL). The medium was changed
every 2-3 days. Six days before the addition

Figure 1. Chemical structures of the compounds used in the study.
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of the test compounds, the cells were washed
in phosphate-buffered saline (PBS; Gibco
BRL), and the medium was substituted with a
phenol red-free DMEM medium (Gibco
BRL) containing 5% dextran charcoal-
stripped FBS and the standard additives
described above. Steroids were removed from
FBS essentially as described by Darbre et al.
(33). Briefly, FBS was incubated with 0.5%
activated charcoal (Sigma-Aldrich, St. Louis,
MO) and 0.05% dextran T-70 (Amersham
Pharmacia Biotech, Uppsala, Sweden) for 30
min at 55°C; the charcoal particles were
removed by centrifugation at 4°C for 20 min
at 4,500g. This step was repeated, and the
stripped serum was sterile filtered and stored
in aliquots at -20°C. Forty to 50% confluent
cells were rinsed in PBS, and fresh medium
containing the respective test compound was
added. The control cells received only the
vehicle (ethanol).

Test chemicals. The test compounds were
bisphenol A (BisA; I-0635; Sigma-Aldrich);
1, 1 -dichloro-2,2-bis(p-chlorophenyl)ethylene
(o,p-DDE; 12,389-7; Sigma-Aldrich);
dibutylphthalate (DBP; D-2270; Sigma-
Aldrich); diethylstilbestrol (DES; D-4628;
Sigma-Aldrich); endosulphan (ES; C131200;
Ehrenstorfer Gmbh, Augsburg, Germany); E2
(E-2758; Sigma-Aldrich); genistein (GS;
G-6649; Sigma-Aldrich); methoxychlor (MC;
M-1501; Sigma-Aldrich); nonylphenol tech-
nical grade (NP; 29,085-8; Sigma-Aldrich];
4-hydroxy tamoxifen (4-OH-TAM; H-6278;
Sigma-Aldrich); ICI 182.780 (AstraZeneca
Pharmaceuticals, Westborough, MA); and a-
zearalanol (ZA; Z-0292; Sigma-Aldrich).

Isolation ofRNA. Cells were harvested by
adding 1 x trypsin-EDTA (Gibco BRL) and
collected by centrifugation (1,000g for 5
min.). Total RNA was prepared using the
RNeasy total RNA kit (Qiagen, Hilden,
Germany) as described by the manufacturer,
and stored in diethylpyrocarbonate-treated
H20 (DEPC-H20) at -80°C. Contaminat-
ing DNA was removed from the total RNA
by treating with 5 U DNase-1 (Amersham
Pharmacia Biotech) in 20 mM Tris-HCI, pH
7.5, and 7.5 mM MgCl2 at 37°C for 30 min.
The DNase was removed by incubation with
25 ig/mL proteinase K in 5 mM Tris-HCI,
pH 7.5, and 10 mM EDTA, pH 8.0, at
37°C for 15 min. The RNA was then
extracted with phenol/chloroform and col-
lected by ethanol precipitation. The total
RNA was dissolved in DEPC-H20 at a con-
centration of 1-5 pg/pL and stored at -80°C.

cDNA synthesis. One microgram total
RNA and 0.5 pg HT1 lV primer (Table 1) in
10 pL DEPC-H20 were mixed and heated
to 650C for 1 min. The samples were quickly
transferred to 420C, and 10 1L cDNA
Synthesis Mix and 7-8 U AMV Reverse
Transcriptase (Stratagene, La Jolla, CA) were

added. The final composition of the reaction
buffer was 130 mM Tris-HCl, pH 8.3; 5
mM MgCI2, 20 mM KCI, and 0.625 mM
each of deoxyribonucleoside triphosphates
(dATP, dCTP, dGTP, and dTTP). The
samples were incubated at 420C for 1 hr,
and then 80 pL of 0.1% Triton X-100 in
H20 was added. The samples were dena-
tured at 950C for 1 min and stored in
aliquots at 800C.

Competitive PCR One microliter cDNA
was used in competitive PCR reaction mix-
tures performed in total volumes of 12 1lL
(final concentrations, including contribu-
tions from the cDNA): 12 mM Tris-HCI,
pH 8.3; 50 mM KCI; 1.9 mM MgCI2; 0.1%
Triton X-100; 0.005% gelatin; 14 pM each
dATP, dCTP, dGTP, and dTTP; 1 pCi
[35S]adATP (Amersham Pharmacia Biotech);
10 pmol each upstream and downstream
primers (Table 1, Table 2); and 1 U
AmpliTaq (Perkin-Elmer, Norwalk, CT).
PCR was performed in a Perkin-Elmer 9600
PCR machine (Perkin-Elmer) and the cycle
conditions were as follows: 1 cycle of 2 min
at 950C and 40 cycles of 30 sec at 950C, 1
min at 400C, 1 min at 720C, and 1 cycle of
5 min at 72°C. After PCR, 10 pL loading

buffer (8% ficoll 400, 10 mM EDTA, 10
mM NaOH, 0.1225% bromophenol blue,
and 0.1225% xylene cyanol in formamide)
was added and the samples were denatured
for 2 min at 96°C. Samples were then
loaded onto a 5% polyacrylamide "sequenc-
ing type" gel run on the ALF-Express seque-
nator (Amersham Pharmacia Biotech). After
electrophoresis at 25 W for 3 hr, gels were
transferred to Whatmann 3 MM paper
(Whatmann, Maidstone, UK), dried, and
analyzed by autoradiography and phosphor
imaging.

Amplification ofcDNA fragments from
differential display gels. We excised differen-
tially expressed bands from the dried gels and
recovered the DNA content by shaking the
sample in 50 pL Te buffer (10 mM Tris-HCI,
pH 7.5; 0.1 mM EDTA) at 95°C for 15 min.
We used 5 pL for PCR amplification in a
total volume of 27 pL (final concentrations)
10 mM Tris-HCl, pH 8.3; 50 mM KCI; 1.8
mM MgCl2; 0.1% Triton X-100; 0.005%
gelatin; 70 pM each dATP, dCTP, dGTP,
and dTTP; 2.5 U AmpliTaq (Perkin-Elmer);
10 pmol upstream primer; and 10 pmol
"extended" downstream primer (T7HT1 1V;
Table 1). Cycle conditions were as described

Table 1. Downstream primers.

Primer Sequence
cDNA synthesis and differential display (HT1 1V and HT1 1VN)
HT1 1A
HTllC
HTllG
HT1 1 AC
HT1 1 AG
HT1 1 GA
HTllGG
HT1 1 CC
HT1 1 CT

Amplification (T7HT1 1V)
T7HT1 1A
T7HT1 1 C
T7HT1 1 G

Sequencing (T7)
SEQ-T7

AAGCI 1I1 1 1111TTA
AAGCIIIIIFIITTIC
AAGC11 1111IIIG
AAGCI 1I1 1 1 1 11IAC
AAGCITIIIITIIIIAG
AAGC1111 111TIIGA
AAGCIIIIIIIIITTGG
AAGCIIIIIIIITIICC
AAGCI TI ICT

TAATACGACTCACTATAGGGAAGCIIIIIIIIITTA
TAATACGACTCACTATAGGGAAGCII111 1 IIIIC
TAATACGACTCACTATAGGGAAGCT IIIIIIIIIIG

CY5-TAATACGACiCACTATAGGGAA

Table 2. Selected estrogen-regulated genes in human breast cancer cells.

Downstream
Identity Accession no. Upstream primer primer Size (bp) Regulation
al -Antichymotrypsin J05176 CCCTCCMCTGCATTAGa HT11 C 380 1
EBP50 AF015926 AGCACTGATTCCCAGTTA HT11 GG 600 1
p-Liv U41060 GTGCTTCAGTGCTa HT1 1 GA 150 1
pS2 X00474 TTCCTGGTGTCACa HT11 G 350 1
EST AC005384 CAAAGGTACTCCMAT HT11 GG 250 1
EST AA677552 AGCACTGATTCCCAGTTA HT11 CT 180 1
EST AA291280 CACGCATAGACTG HT1 1AC 170 1
Monoamine oxidase A X60819 CTGTCTGTCCCAGTTAAa HT11 GG 250
Ribosomal protein L9 U09953 ACTACCTCAGTTCTCAA HT11CC 300
TGF33 X14149 CACGCATAGACTGa HT11AG 140
EST AA731207 AGCACTGATTCCCAGTTA HT11CC 280 4-
EST AA772139 AGCACTGATTCCCAGTTA HTi 1CC 200 1
EST H81588 AGCACTGATTCCCAGTTA HT11 GG 300 4-

Abbreviations: EBP50, ezrin-radixin-moesin binding phospho protein; EST, expressed sequence tag; TGF,3, transforming
growth factor 13. Arrows indicate regulation by 17,B-estradiol: upregulated (1'), downregulated (41).
'indicates that the upstream primer is a targeted primer; downstream primer sequences are presented in Table 1.
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for differential display above, except that the
annealing temperature was 42°C. Reampli-
fled DDRT-PCR fragments were purified
from 2% agarose gels as follows: the frag-
ments were carefully excised from the agarose
gel and transferred to tubes containing small
siliconized glass wool plugs. A hole was
pinched in the bottom of each tube, and the
DNA/buffer spun out of the agarose piece
and into another tube.

We performed sequencing reactions as
cycle sequencing (34) using the Thermo-
Sequenase enzyme (Amersham Pharmacia
Biotech) and a "T7 promotor complemen-
tary" primer (Seq-T7; Table 1) that matched
all fragments amplified with the extended
T7HT1 1V primers (31). We used ALFexpress
sequenators (Amersham Pharmacia Biotech)
for all sequencing and DDRT-PCR gel
electrophoresis.

Quantitation of expression levels.
DDRT-PCR gels and Northern blots were
analyzed on a Fujifilm Bas-2500 phosphor
imager (Fuji, Tokyo, Japan). We adjusted
exposure time to the level of radioactivity on
the gels/blots (between 3 and 24 hr). We
normalized lane-to-lane variation in intensi-
ty either by counting a constant band or by
correcting according to the background
immediately above or below the quantitated
band. The marker band in one lane was
framed, using the software supplied with the
phosphor imager, and the same frame was
then copied to the corresponding band in
the other lanes to ensure that identical areas
were used in all lanes. To normalize the
intensity of the different lanes, the marker
band frames were subsequently copied
together and moved to another position,
covering either a constant band or a blank
area (background) dose to the marker band.
All frames were then counted by the phos-
phor imager software, and the data was trans-
ferred to MS Excel (Microsoft, Redmond,
WA). We selected one lane and calculated
the ratios between a constant band or back-
ground in that lane and the values counted
at the corresponding position in each of the
other lanes. We used these ratios to normal-
ize the intensities of the marker bands by
multiplying the counts in each marker band,
after subtracting the background value deter-
mined in that lane, with the corresponding
ratio.

We used the following formula for nor-
malization:

NMBiane 1 = (MBAane 1 BGlane 1)
x (CBane i/ CBane 1) and

NMlane 2 = (MBiane 2 - BGlane 2)
X(NCnal e 1/CMBane 2); etc.,

where N= normalized, MB= marker band,
BG = background, and CB = constant band.

Results

We developed the endogenous gene-based
assay because in a screening for estrogen-reg-
ulated genes, we observed a strong correla-
tion between the expression of some genes
and the concentration of estrogen in the cell
media. This suggested that expression of
endogenous genes could be a useful method
for assaying the estrogenicity of compounds
and that individual genes could respond dif-
ferently to different estrogens. To evaluate
whether endogenous gene expression could
be used to assay compounds for potential
estrogen activity, we first optimized the dif-
ferent steps in the procedure and then tested
the estrogenicity of a range of compounds.

Adjustment to "estrogen-free" cell culture
conditions. To determine the time needed for
the cells to adjust their gene expression to
"estrogen-free" conditions, we cultured MCF-
7 cells in a standard DMEM medium and
transferred them to an estrogen-free medium;
RNA was harvested on 6 consecutive days.
The expression level of the estrogen-inducible
pS2 mRNA, a widely used indicator of estro-
genicity, was evaluated by DDRT-PCR using
a targeted upstream primer. This demonstrat-
ed that the level of pS2 mRNA expression
was relatively high when the cells were cul-
tured in the standard DMEM medium and
that the level decreased in a time-dependent
manner after incubation in the estrogen-free
medium (Figure 2). After 3-4 days, the
expression level of pS2 was reduced sufficient-
ly to perform the experiments. However, to
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Figure 2. Adjustment of gene expression to estro-
gen-free cell culture conditions in MCF-7 cells cul-
tured in a standard DMEM medium, transferred to
an estrogen-free medium, and harvested on 6 con-
secutive days. (A) pS2 (indicated by arrow) was
detected using DDRT-PCR. (B) Quantitative esti-
mate of the relative change in gene expression
was obtained using phosphor imaging and pS2
and HT1 1G primers (Tables 1 and 2).

ensure that the cells adapted completely to
estrogen-free conditions, all experiments were
performed on cells that were incubated for at
least 6 days in estrogen-free medium.

Screening for estrogen-regulated genes in
MCF-7 cells. The use of endogenous genes
and the DDRT-PCR technology to assay for
estrogenicity implies the prior identification
of estrogen-regulated bands, corresponding to
potential marker genes, on DDRT-PCR gels.
Thus, we screened MCF-7 cells that were
either unexposed or exposed to 10-8M E2 for
24 and 48 hr, respectively, for estrogen-regu-
lated genes, using random 13-mer upstream
primers and anchored poly-dT downstream
primers. Application of more than 400 differ-
ent primer combinations resulted in detection
of almost 100 estrogen-responsive genes (35).
Some of these are listed in Table 2 together
with their corresponding accession numbers,
upstream primer sequences, and the size and
regulation of the bands.

Because most primer combinations result
in the display of 100-150 bands, the expres-
sion levels of40,000-60,000 bands have been
investigated. Comparing this with the
20,000-30,000 genes which are expressed in
a human cell at a given time (36) suggests that
the majority of the estrogen-regulated genes
in MCF-7 cells may have been detected.

Optimization of the endogenous gene
expression assay. The most important para-
meter in selecting a marker gene is that its
expression is highly sensitive to the treat-
ment, that is, the intensity of the corre-
sponding band must be very different in
estrogen-treated cells and untreated cells.
Moreover, the gene must be directly regulat-
ed by estrogens and not be dependent on
prior induction of another gene, and its
induction must be reversed by the pure
antiestrogen ICI 182.780.

To test the different candidate marker
genes, we exposed MCF-7 cells to either
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Figure 3. Application of targeted upstream
primers increased sensitivity in cells exposed to
ethanol (control) or increasing concentrations of
E2. The band corresponding to the pS2 mRNA
(indicated by arrow) was detected using DDRT-
PCR with either a nontargeted upstream primer
(p-Liv) and HT11G (A) or a targeted upstream
primer (pS2) and HT1 1G (B) (Tables 1 and 2).
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increasing concentrations of test compound
for 24 hr or a fixed concentration for differ-
ent time periods. The candidate genes were
then assayed for dose- and time-dependent
effects on mRNA expression as reflected in
the intensity of the corresponding bands.
The initial selection reduced the number of
candidate marker genes to approximately 20
that all responded strongly to estradiol.

In this paper we present estrogen-
dependent expression profiles for four
representative marker genes: pS2, mono-
amine oxidase A (MAO-A), transforming
growth factor [3 (TGFP3) and al-antichy-
motrypsin (al-ACT).

Optimization ofPCR. For the 20 origi-
nally selected genes, we improved the PCR by
optimizing the matches between primers and
mRNA because there were several mismatches
in the alignment of the random upstream
primer sequences used in the screening and
the mRNA sequences. We designed the tar-
geted upstream primers by correcting the mis-
matches and extending the primer with four
to five extra nudeotides at the 5' end. Thus,
combining the targeted upstream primer with
the appropriate downstream primer results in
a band of the same size as in the screening
(31). Because the primer position is impor-
tant for the efficiency of PCR amplification,
several targeted primers were tested for each
gene, and the primer that resulted in the
strongest band was selected for further testing.

In most cases, the use of targeted primers
significantly increased the sensitivity of the

assay. For example, with a random upstream
primer that contained three mismatches
within the 3'-six nucleotides of the primer, a
concentration of 10-10 M E2 was required to
induce a detectable increase in the expression
of pS2 (Figure 3A), whereas application of a
targeted upstream primer reduced the
required concentration to only 10-12 M
(Figure 3B).

To further enhance the assay, it can be an
advantage to reduce the number of compet-
ing bands, which can be done by replacing
the one-base-anchored downstream primer
(HT1 1V; Table 1) with a two-base-anchored
primer (HTI IVN; Table 1). In this study,
we used two-base-anchored downstream
primers for TGF13 and MAO-A.

Rapid induction of marker genes by EZ
The observed changes in gene expression
could, in principle, be caused by the activa-
tion or repression of other genes, for
example, a transcription factor that is directly
regulated by estrogen. The expression profiles
of genes directly regulated by estrogens sug-
gest that primary effects of estrogen are
induced within a few hours, whereas sec-
ondary effects are not detectable before
16-72 hr incubation (20). We therefore per-
formed a time-course study in which MCF-7
cells were exposed to E2 for increasing peri-
ods of time (0, 2, 8, 16, 24, and 48 hr). For
almost all estrogen-responsive genes detected
in the screening, including the four marker
genes presented in this paper, the changes in
gene expression were detectable within 2-8

hr, suggesting that they are primary effects of
E2 (Figure 4).

Estrogen-induced changes in marker gene
expression are ER mediated. To verify that
the regulation was mediated by the ERs, we
tested the ability of the pure antiestrogen ICI
182.780 to inhibit the E2-induced changes in
gene expression. For all four marker genes,
ICI 182.780 abolished the effect of E2 in a
dose-dependent manner (Figure 5), demon-
strating that the observed effects are mediated
by the ERs. In fact, ICI 182.780 further
reduced or induced the expression levels as
compared to ethanol-only samples, which
suggests that there are trace amounts of
estrogens in the stripped serum, whose
effects are reversed by ICI 182.780. The
antiestrogen-mediated repression of al-ACT
is difficult to detect because the concentration
of E2 used in the competition experiment was
relatively low (10-1 M) and a 10-fold higher
concentration is required to significantly
induce alc-ACT expression.

The results presented in this paper are
most likely derived only from activation of
ERa because we have not been able to detect
the ER[B mRNA in MCF-7 cells by RT-
PCR, not even with nested primers and 2 x
40 PCR cycles.

Consistency of the technology. Although
MCF-7 cells respond strongly to estrogens,
the technology used to assay gene expression
should be sufficiently robust and results
should be reproducible. Because the expres-
sion levels are determined by competitive
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Figure 4. Time-dependent effects of 171-estradiol on marker gene expression.
MCF-7 cells were exposed to 10-8 M E2 for 2, 8, 16, 24, or 48 hr and control cells
were exposed to ethanol (EtOH) for 24 hr. Bands corresponding to the four
marker genes (pS2, al-ACT, TGFJ3, and MAO-A; indicated by arrows) were
detected by DDRT-PCR using the following primers: pS2/HT11G (pS2), aXl-
antichymotrypsin/HT11C (al-ACT), TGFP3/HT11AG (TGFf3), and monoamine
oxidase AIHT11GG (MAO-A) (Tables 1 and 2).

Figure 5. Dose-dependent inhibition of E2-mediated changes in gene expres-
sion by ICI 182.780. MCF-7 cells were exposed to a fixed concentration of E2
(10-8 M) and increasing concentrations of ICI 182.780 for 24 hr. Bands corre-
sponding to the marker genes (indicated by arrows) were detected by DDRT-
PCR using the following primers: pS2/HT11G (pS2), al-antichymotrypsin/HT11C
(a1-ACT), TGFPI3/HT11AG (TGFj3), and monoamine oxidase A/HT11GG (MAO-A)
(Tables 1 and 2).
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PCR amplification of cDNA synthesized
from different RNA samples, it is important
that the protocols do not introduce significant
variation. In addition, because it is impossible
to obtain completely identical loading on
DDRT-PCR gels, it must be possible to nor-
malize the lanes, according to either the back-
ground or to a constant band.

To test the consistency of the method, we
performed three cDNA synthesis reactions
from a single RNA preparation, followed by
three PCR runs of each cDNA; the results
for the pS2 primer set are shown in Figure
6A. The DDRT-PCR gel was scanned by
phosphor imaging and the results normalized
according to the back-ground just below the
pS2 band (Figure 6B). This showed that the
variation introduced by the cDNA synthesis
and PCR was < 24 and 16%, respectively, and
that the maximal variation between two sam-
ples was < 34%. These differences are repre-
sentative of the variation we have observed
among the hundreds of samples that have
been analyzed; this variation is small as com-
pared to the severalfold differences among
samples treated with different concentrations
of estrogens.

To test the power of the normalization,
two-thirds and one-third of the volume of the
sample in lane 9 (sample C/3) were loaded
separately (Figure 6A, lanes 10, 11, and 12).
After normalization, the pS2 values in these
lanes were essentially identical, showing that
normalization according to the background or
a constant band can be used to normalize
samples, even when the loaded amounts differ
by 300% (Figure 6B, lanes 10, 11, and 12).

Identification of estrogenic chemicals.
We used the four marker genes to estimate
the estrogenicity of the following com-
pounds: E2, ZA, DES, GS, NP, BisA, DBP,
MC, ES, DDE, 4-OH-TAM, and ICI
182.780. The relative potencies of the tested
compounds on the expression of the four
genes are shown in Table 3.

Induction ofpS2 mRNA expression.
Induction of pS2 mRNA is a widely used
indicator of estrogenicity (9,11,37), and pS2
mRNA was detected several times in the
screening. It is rapidly and strongly induced
by estrogens; therefore, we selected pS2 as
one of the marker genes. Because its expres-
sion is so strongly correlated to the level of
estrogen, we routinely, as a first approach,
test a compound for ability to induce the pS2
gene. Thus, for all test compounds, we
assayed the induction of pS2 mRNA by
DDRT-PCR (Figure 7) and quantitated the
expression profiles by phosphor imaging
(Figure 8).

The expression level of pS2 mRNA was
increased in a dose-dependent manner by all
the tested estrogens; however, their potencies
were very different. Based on their relative

potency (Table 3), the chemicals can be
divided into three groups. Group 1 includes
E2, ZA, and DES, which cause detectable
increases in pS2 at 10-12 M-10-'1 M; Group
2 includes NP and GS, which induce pS2 at
103- to 104-fold higher concentrations
(> 10-8 M); and Group 3 includes BisA,
DDE, MC, ES, and DBP, which require
105- to 106-fold higher concentrations, rela-
tive to E2, to induce pS2 (Figure 7, Figure
8). The high-potency estrogens in Group 1
(E2, ZA, and DES) cause a significantly
greater quantitative change in the expression
level of pS2 as compared to the environmen-
tal estrogens in Groups 2 and 3. For exam-
ple, the expression level of pS2 is increased
almost 25-fold after exposure to E2 (10-10
M), but less than 10-fold after exposure to
DBP (104 M) (Figure 7, Figure 8).

A slight increase in the expression level of
pS2 mRNA was also observed after exposure
to high concentrations (> 10-7 M) of 4-OH-
TAM (Figure 7, Figure 8).

Dose-dependent effects of estrogens and
antiestrogens on three other marker genes.
To increase the strength of the estrogenicity
assay and to analyze whether other genes
responded in the same manner as pS2, we
assayed dose-dependent effects of the test
compounds on the three other marker genes.

Exposure to increasing concentrations of
E2 caused an induction of al-ACT and a
reduction in the expression levels of TGF,3
and MAO-A (Figure 9). Detectable reductions
in the expression levels ofTGFO3 and MAO-
A could be detected at an E2 concentration of

pS2
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Figure 6. Competitive PCR amplification is a highly
consistent technology; from a single RNA sample,
three independent cDNA synthesis reactions were
performed (A, B, and C), followed by three PCR
reactions of each cDNA (1, 2 ,and 3). (A) The band
corresponding to pS2 (indicated by arrow) was
detected by DDRT-PCR using the pS2 and HT11G
primers. An equal volume of the sample in lane 9
(C/3) was loaded in lane 10 (vol = 1), and 2/3 and
1/3 the volume were loaded in lanes 11 and 12,
respectively. (B) After quantitation by phosphor
imaging, the values were normalized according to
the background in each lane.

10-13 M (Figure 9), equivalent to, or even
below, the dose required to induce pS2
mRNA expression (Figure 7, Figure 8),
whereas detectable induction of al-ACT
required a 100-fold higher concentration
(10`1 M) (Figure 9). The other test com-
pounds caused detectable changes in the
expression levels of TGFI3 and MAO-A at
doses similar to those required for pS2
induction, but for most chemicals, the con-
centrations required to induce al-ACT were
10- to 100-fold higher (Figure 9).

There are significant marker gene-depen-
dent differences in the rank order of poten-
cies of the test compounds (Table 3). For
example, the potencies of E2, DES, and ZA
were essentially identical on TGEF3, whereas
the potency ofZA was almost 100-fold lower
than the potency of E2 and DES on pS2, al-
ACT, and MAO-A. Furthermore, NP and
GS affected the expression levels of pS2 and
TGF33 with similar potencies, whereas the
potency of NP was almost 10-fold higher
than the potency of GS on MAO-A; the
potency of NP on al-ACTwas lower than
that ofGS (Table 3).

The partial estrogen agonist 4-OH-TAM
slightly increased expression levels of al-
ACT and pS2 and reduced the expression
level of MAO-A, suggesting that 4-OH-
TAM acts as a partial agonist on these genes.
In contrast, a high concentration of 4-OH-
TAM slightly increased the expression of
TGF[3 (Figure 9), suggesting that it acts as
an antagonist or a selective estrogen receptor
modulator (SERM) on TGF133.
Discussion
In this paper we demonstrate that the
estrogenic activity of a chemical can be eval-
uated by assaying induction or repression of
endogenous estrogen-regulated marker genes
in human estrogen-dependent breast cancer
cells. We also show that changes in gene
expression levels quantitatively show a
dose-response correlation. However, the
endogenous gene expression assay is more
time consuming and therefore less suited for
large-scale screening of chemical compounds
than other more simple in vitro assays.

The comparison of expression levels
determined by PCR is a well-characterized

Table 3. Rank order of potencies of the estrogenic
compounds on four marker genes.

Marker gene Rank order of potency
pS2 E2=DES>ZA>NP=GS>MC>

ES = BisA > DODE > DBP
al-ACT E2=DES>ZA>GS>NP>ES>

BisA = MC > DDE > DBP
MAO-A E2>DES>ZA>NP>GS>DBP>

BisA > ES = MC > DDE
TGFf3 E2=DES=ZA>NP=GS>

BisA > MC > DDE > ES = DBP
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method used in a variety of protocols. PCR
amplification of cDNA fragments conserves
the relative levels as they were in the original
mRNA preparations, provided proper proce-
dures are used (38,39). Thus, the level of an
amplified radioactively labeled PCR fragment
is direcdy proportional to the level of the cor-
responding mRNA in the original sample.
The low-stringency PCR method we describe
is, in principle, similar to multiplex PCR, in
which a few DNA fragments are amplified in
the same reaction, although we obtain multi-
plexing using a single primer pair and low-
stringency annealing. The result is that we
amplify on average approximately 125 PCR
fragments in each reaction. Because the com-
peting fragments are identical in all samples
prepared with a given primer pair, only the
level of the estrogen-sensitive mRNA/cDNA
fragment will change, and the intensity of the
corresponding band accurately reflects the
level of the mRNA in the RNA samples.
However, in contrast to Northern blotting,
for example, the precise amount of an
mRNA is not reflected in the intensity of the
band. The DDRT-PCR technology only
allows comparison of the expression level of a
given mRNA among different samples,
where the ratio between any two samples will
show the difference in the expression level of
the mRNA in the two samples.

The expression levels were quantitated
by phosphor imaging scanning and normal-
ized according to either a constant band or
the background; this resulted in reproducible
results and thus accurate estimates of estro-
genic activity. This is shown by the small
variation introduced in the cDNA synthesis
and PCR (24 and 16%, respectively), as
compared to the many fold induction or
repression resulting from exposure to the
estrogenic compounds.

The Marker Genes
In this study, estrogenicity was determined
by analyzing the expression levels of four
marker genes: pS2, MAO-A, TGFf3, and
al-ACT. Because the assay is based on
endogenous gene expression, an arbitrary
number of marker genes could, in principle,
be included in the assay; the marker genes
used in this study could be replaced by other
estrogen-responsive genes such as the proges-
terone receptor.

PS2. The expression level of pS2 mRNA
is a widely used indicator of estrogenicity,
and the translation product of pS2 mRNA is
also induced in MCF-7 cells in response to
estrogen (37). The 9 kDa encoded pS2 pro-
tein belongs to the trefoil family of peptides
(40), whose members are probably involved
in regulation of proliferation; it has been
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shown that trefoil proteins activate the
Ras/MEK/MAP-kinase signal transduction
pathway by direct interaction with epidermal
growth factor receptors (41). There are cur-
rently no reports in the literature of none-
strogenic compounds that induce pS2
expression in MCF-7 cells.

The human pS2 gene (accession no.
X05030; EMBL/EBI, Cambridge, UK) (42)
contains an imperfect estrogen response ele-
ment (ERE) that varies from the consensus
palindromic ERE (GGTCANNNTGACC)
by one base pair in its right arm (GGT-
CACGGTGGCC) (43). Functional imper-
fect EREs have been demonstrated in a
number of estrogen responsive genes, includ-
ing human TGFax (44), human cathepsin D
(45), rat progesterone receptor (46), and
Xenopus laevis vitellogenin genes (47), and
are most likely responsible for the observed
estrogen-dependent regulation.

MAO-A. The MAO-A gene encodes one
of the two monoamine oxidase proteins (A).
The expression and activity of MAO genes
(A and B) have been investigated both in
vivo and in vitro (48-50). In vivo assays have
been conducted because there seems to be a
correlation between mood changes and estra-
diol levels that may be mediated through the
activity of monoamine oxidases (51-53).
The activity and expression of MAO-A is
inversely correlated both in vivo and in vitro
to the estradiol concentration (49,50), which
is similar to the regulation we have observed
in MCF-7 cells. However, MAO genes may
be induced by E2 in some tissues; Sarabia
and Liehr (54) showed that expression of the
MAO-B gene actually is induced by E2 in
hamster kidneys.

The human MAO-A gene (accession no.
AL020990; EMBL/EBI) contains several
putative ERE sequences that could be respon-
sible for the observed estrogen-dependent reg-
ulation of the MAO gene. One is located 200
base pairs upstream from the transcription

4-0

DBP ES 4-OH-TAM ICI 1827W0
Figure 7. Dose-dependent induction of pS2 in MCF-7 cells by different estrogens. MCF-7 cells were
exposed for 24 hr to E2, DES, ZA, GS, NP, Bis-A, MC, DDE, DBP, ES, 4-OH-TAM, and ICI 182.780. Control
cells were exposed to ethanol (EtOH) or ICI 182.780 (10-7 M) for 24 hr. The band corresponding to pS2
(indicated by arrows) was detected by DDRT-PCR using the pS2 and HT11G primers. Quantitation of the
expression levels is shown in Figure 8.

Concentration (M)
Figure 8. Quantitative representation of DDRT-
PCR expression profiles. The fold induction is rel-
ative to EtOH, and the molar concentrations are
indicated. To eliminate lane-to-lane variations, we
normalized the quantitations according to the
background in each lane. The results represent at
least two to three independent experiments.

Environmental Health Perspectives * VOLUME 1081 NUMBER 51 May 2000

Ob Ob b Cb

a
2 z Z z 2 2 2
1 - - 1 l - lob ob Cb ob aD

ES a
z z re 2 2 2 2 2 2 2 2 2 2
-. -. 1. -. 1, - T

2

cm cm = dD ', 1 il 16 il 1 1 11

409



Articles * J0rgensen et al.

;

a
e

.5

sU-

5

3

2

o

1.2

1.0

0.8
=

X 0.6
s 0.

0.4

0.2

0.0

1 1.6

1.4

1.2

= 1.0

S

.5

2.51W- 0.8

-17 -16 -15 -14 -13 -12 -11 -10 -9 -8 -7 -6 -5 .4 -3

-17 -16 .15 -14 -13 -12 -11 -10 -9 -8 -7 -6 -5 4

0.2

0.0
-17 -16 -15 -14 -13 -12 -11 -10 .9 8 -7 -6 -5 .4 -3

Concentino (M)
Figure 9. Phosphor imaging estimates of the dose-dependent effects of estrogens on the expression level
of (A) al-ACT, (B) MAO-A, and (C) TGFP3 using the following primers: pS2/HTllG (pS2), al-antichy-
motrypsin/HT11 C (al-ACT), TGFJ3/HT1 1AG (TGFP3), and monoamine oxidase NHT11 GG (MAO-A) (Tables 1
and 2). MCF-7 cells were exposed to increasing concentrations of the test compounds and harvested
after 24 hr. Fold induction/repression is relative to ethanol (EtOH). Bands corresponding to each of the
three marker genes were detected by DDRT-PCR, and the expression profiles were quantitated by phos-
phor imaging. An example of a DDRT-PCR expression profile (corresponding to E2-exposed cells) appears
as an insert in each chart. The results represent at least two to three independent experiments.

initiation site and differs from the consensus
palindromic ERE by 2 base pairs in its right
arm (GGTCACCTTCCC). Moreover, the
two half-palindromic sequences are separated
by only 2 base pairs. Another putative imper-
fect ERE is located approximately 1,500 base
pairs upstream from the transcription initia-
tion site and contains a single mismatch in
the left arm (GGACAAATGTGACC), with
4 base pairs between the two half-palin-
dromic sequences.

TGF,B3. Repression ofTGF,3 expression
by estradiol in MCF-7 cells has previously
been described (55), and cell- and tissue-type-
specific expression has also been shown (56).
TGF33 expression is regulated by non-
estrogenic compounds (57), and it is probably
necessary to include additional marker genes
to be sure that only estrogens are detected.
Knabbe et al. (58) reported that TGFP3
inhibits the growth of MCF-7 cells and that
secretion of TGF,3 is induced by antiestro-
gens. In our study, however, TGFP3 was only
slightly increased after exposure to a high con-
centration of4-OH-TAM (Figure 9).

The human TGFI3 sequence (accession
no. X14885; EMBL/EBI) (59) contains a
putative imperfect ERE 340 base pairs
upstream from the transcription initiation
site, which varies from the con-sensus ERE
sequence at two positions, one in each half-
palindromic sequence (GGCCAGCAAC-
TGCCC). Also, the two half-palindromic
sequences are spaced by 5 base pairs, instead
of 3.

al-ACT. Estrogen-mediated induction
has previously been described for the
antiprotease al-ACT in human breast can-
cer cells (60,61).

The human al-ACTgene (accession no.
AL049839; EMBL/EBI) contains a putative
ERE sequence approximately 570 base pairs
upstream from the transcription initiation
site; however, as observed for TGE13, the
ERE differs from the consensus sequence at
two positions, one in each arm (AGT-
CACTGTGGCC).

Other genes could be included in the
assay, including genes regulated by either
ERa or ,B, together with genes regulated by
other pathways. The results presented in this
paper are most likely only derived from acti-
vation of ERa because we have not been
able to detect the ERi mRNA in MCF-7
cells by RT-PCR. However, we cannot rule
out that newly identified receptors such as
SXR and PXR [reviewed by Blumberg and
Evans (62)], which are activated by a variety
of different compounds, including estrogen
antagonists and agonists, could be involved
in the activation/repression of some of the
estrogen-sensitive genes we have identified.
The reversal of estrogen-induced changes by
ICI 182.780 observed for the four marker
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genes, however, makes it unlikely that these
genes are regulated through the new recep-
tors (i.e., SXR and PXR).

Marker genes are often highly cell-type
specific. For example, MAO-A and TGFf3
were expressed in the estrogen-dependent
breast cancer cell line T47D, and both were
repressed by estrogens; pS2 was undetectable;
and the expression level of al-ACT was very
low, much below that in MCF-7 cells,
although it probably is also induced by estro-
gen in T47D cells (results not shown). Thus,
the diverse action of estrogens on different
tissues and cell types is reflected in the genes
that are estrogen regulated in the different
cells; this suggests that cell-specific differences
in gene expression might be exploited for the
detection ofnew SERMs.

Compounds have different potencies on
different genes. We demonstrated estrogenic
activity for all the putative estrogenic test
compounds, and the results correlate well
with previous reports (9,11,19). Furthermore,
because of its conversion to estrogens (63),
10-7 M testosterone had an estrogen-like
effect on the expression of the marker genes,
whereas 10-7 M progesterone had no effect on
the expression levels (results not shown).

The four marker genes all responded
strongly to the high-potency compounds (E2,
DES, and ZA), but there were some differ-
ences in their potency, defined as the mini-
mum concentration required to affect the
expression of a marker gene. The potencies of
E2 and DES were similar when assayed with
pS2, TG113, and a(-ACT, whereas MAO-A
seems to be more sensitive to E2 than to
DES. The potency ofZA was equal to that of
E2 and DES if assayed with TGFI3, but it
was more than 10-fold lower than E2 and
DES for the other three marker genes.

The potencies of the environmental
estrogens were much lower than those of E2,
DES, and ZA. As for the high-potency com-
pounds, there were some differences in the
relative potencies of the low-potency com-
pounds on the four genes (Table 3). For
example, the potency ofNP was equal to the
potency ofGS on two marker genes (pS2 and
TGf143), but 10- to 100-fold higher and
lower, respectively, when assayed with MAO-
A and al-ACT

The relative potency of the compounds
generally correlated with the relative change
in expression level of the four genes, although
this was most evident for pS2. For example,
the expression level of pS2 was induced
almost 25-fold after exposure to 10-10 M E2,
approximately 16-fold after exposure to 102
M GS, and < 10-fold after exposure to i04
M DBP. For the other marker genes, this
trend was less consistent. Fold induc-
tion/repression is very sensitive to the initial
levels, and a slightly elevated level in the

noninduced cells leads to significant variation
in the fold change. Thus, the precise fold
change varies between experiments, whereas
the relative differences between compounds
are maintained.

High concentrations (108_10-6 M) of
TAM-OH seem to have small but detectable
E2-like effects on the expression of MAO-A,
pS2, and al-ACT, whereas similar concen-
trations may have a small stimulatory effect
on TGF33. However, the required concen-
trations are so high that the effects may not
be ER mediated; this is similar to what has
been observed in SK-N-BE/SK-ER3 cells, in
which the observed effects of tamoxifen
apparently are independent of the presence
of ERa. Unfortunately, the possible expres-
sion of ER,I has not been investigated in the
SK-N-BE cells, although the lack of E2
response indicates that neither receptor sub-
type is present (48,49).

During the screening for estrogen-regu-
lated genes, we detected several related genes
that were consistently more sensitive to DES
and ZA than to E2. These genes, however,
show a time-dependent expression profile
that is different from the majority of the
identified E2-regulated genes; their expres-
sion was not affected before 8-16 hr expo-
sure to the hormones (35), whereas almost all
other E2-regulated genes, including the four
marker genes, were affected within 2-8 hr.

Future development. There are many
aspects of the endogenous gene expression
assay that could be improved. For example,
we are assaying expression levels by radioac-
tive incorporation during PCR, but fluores-
cent labels could be used instead, with the
results analyzed on a DNA sequenator. In our
hands, however, fluorescent labels reduce the
sensitivity by 10- to 100-fold, although it may
be possible to optimize both the PCR and the
detection thereby obtaining a sensitivity that
is similar to that of radioactivity-based assays.
The Taq-Man technology (Perkin-Elmer)
may be an atractive alternative. Another possi-
bility is DNA chip technology (64,65). For
example, construction of a chip with approxi-
mately 100 estrogen-regulated genes and a
similar number of unaffected genes would
allow almost complete automation of the
assay. However, at present, the sensitivity of
the chip technology limits its practical use;
this will probably change, so DNA chip tech-
nology should be considered an alternative to
PCR-based methods.

Endogenous gene expression assays could,
in principle, be used to evaluate cellular
responses to any compound, provided genes
that respond to that dass of compounds have
been identified. Thus, compounds acting
through the androgen, thyroid, aromatic
hydrocarbon, and other receptors could be
identified by determining the expression levels

of genes that are activated through these
receptors. Assays to detect effects caused by
activation of ER[ and the androgen receptor
could be developed relatively easily from cell
lines derived from the prostate.

Furthermore, endogenous gene expression
assays are not limited to cell cultures because
changes in expression levels of selected genes
could be determined in different tissues from
exposed animals. The number of animals
required to assay thousands of compounds for
their estrogenicity could be significantly
reduced if gene expression-related end points
could be established. For example, when the
specific genes responsible for estrogen-induced
uterine or breast growth have been identified
and a relationship established between their
expression and a disease, these genes could be
assayed. An end point could then be fold
induction of genes X and Y in tissue A and
fold repression ofgene Z in tissue B.

Finally, an ultimate goal would be to
develop an assay to directly analyze human
samples, for example, derived from blood.
This requires identification of genes
expressed in blood cells that are affected by
exposure to putative endocrine-disruptor
compounds. We are currently analyzing
blood samples for the expression of the E2-
regulated genes that we indentified in the
screening; preliminary results suggest that
many of the genes which are regulated by E2
in MCF-7 cells are also expressed in various
cells present in blood. However, we current-
ly do not have information concerning pos-
sible E2 regulation in the blood, although
reports in the literature suggested that there
are E2-regulated genes in blood and that, for
example, MAO-A may be a candidate for an
E2-regulated gene which could be assayed in
human blood samples. (48).

REFERENCES AND NOTES

1. Kavlock RJ, Daston GP, DeRosa C, Fenner-Crisp P, Gray
LE, Kaattari S, Lucier G, Luster M, Mac MJ, Maczka C, et
al. Research needs for the risk assessment of health and
environmental effects of endocrine disruptors: a report
of the U.S. EPA-sponsored workshop. Environ Health
Perspect 104(suppl 4):715-740 (1996).

2. Toppari J, Larsen JC, Christiansen P, Giwercman A,
Grandjean P, Guillette LJ Jr, J6gou B, Jensen TK,
Jouannet P, Keiding N, et al. Male reproductive health
and environmental chemicals with estrogenic effects.
Environ Health Perspect 104(suppl 4):741-803 (1996).

3. Carlsen E, Giwercman A, Keiding N, Skakkebwk NE.
Evidence for decreasing quality of sperm counts during
50 years. Br Med J 305:609-613 (1992).

4. Adami HO, Bergstrom R, Mohner M, Zatonski W, Storm
H, Ekbom A, Tretli S, Teppo L, Ziegler H, Rahu M, et al.
Testicular cancer in nine northern European countries.
Int J Cancer 59:33-38 (1994).

5. Sharpe RM, Skakkebaek NE. Are estrogens involved in
falling sperm counts and disorders of the male reproduc-
tive tract? Lancet 341:1392-1395 (1993).

6. Henderson BE, Ross RK, Pike MC, Casagrande JT.
Endogenous hormones as a major factor in human can-
cer. Cancer Res 42:3232-3239 (1982).

7. Giwercman A, Skakkebaek NE. The human testis-an
organ at risk? [Editorial]. Int J Androl 15:373-375 (1992).

Environmental Health Perspectives * VOLUME 108 NUMBER 51 May 2000 41 1



Articles * J0rgensen et al.

8. Davis DL, Bradlow HL, Wolif M, Woodruff T, Hoel G,
Anton-Culver H. Medical hypothesis: xenoestrogens as
preventable causes of breast cancer. Environ Health
Perspect 101:372-377 (1993).

9. Soto AM, Sonnenschein C, Chung KL, Fernandez MF,
Olea N, Serrano FO. The E-SCREEN assay as a tool to
identify estrogens: an update on estrogenic environmen-
tal pollutants. Environ Health Perspect 103(suppl
7):113-122 (1995).

10. Jobling S, Reynolds T, White R, Parker MG, Sumpter JP.
A variety of environmentally persistent chemicals,
including some phthalate plasticizers, are weakly estro-
genic. Environ Health Perspect 103:582-587 (1995).

11. Zava DT, Blen M, Duwe G. Estrogenic activity of natural and
synthetic estrogens in human breast cancer cells in culture.
Environ Health Perspect 105(suppl 3):637-645 (1997).

12. U.S. Environmental Protection Agency, Office of Science
Coordination and Policy. Endocrine Disruptor Screening
and Testing Program Website. Available: http://
www.epa.gov/oscpmontloscpendo/index.htm [cited 14
February 2000].

13. Taylor CM, Blanchard B, Zava DT. A simple method to
determine whole cell uptake of radiolabelled oestrogen
and progesterone and their subcellular localization in
breast cancer cell lines in monolayer culture. J Steroid
Biochem 20:1083-1088 (1984).

14. Shafie S, Brooks SC. Characteristics of the dextran-coat-
ed charcoal assay for estradiol receptor in breast can-
cer preparations. J Lab Clin Med 94:784-798 (1979).

15. Klein KO, Baron J, Colli MJ, McDonnell DP, Cutler GB Jr.
Estrogen levels in childhood determined by an ultrasensi-
tive recombinant cell bioassay. J Clin Invest 94:2475-2480
(1994).

16. Lan NC, Katzenellenbogen BS. Temporal relationships
between hormone receptor binding and biological
responses in the uterus: studies with short- and long-act-
ing derivatives of estriol. Endocrinology 98:220-227 (1976).

17. Gray LE Jr, Ostby J, Ferrell J, Rehnberg G, Linder R,
Cooper R, Goldman J, Slott V, Laskey J. A dose-response
analysis of methoxychlor-induced alterations of repro-
ductive development and function in the rat. Fundam
AppI Toxicol 12:92-108 (1989).

18. Sumpter JP, Jobling S. Vitellogenesis as a biomarker for
estrogenic contamination of the aquatic environment.
Environ Health Perspect 103(suppl 7):173-178 (1995).

19. Andersen HR, Andersson AM, Arnold SF, Autrup H, Barfoed
M, Beresford NA, Bjerregaard P, Christiansen LB, Gissel B,
Hummel R, et al. Comparison of short-term estrogenicity
tests for identification of hormone-disrupting chemicals.
Environ Health Perspect 107(suppi 1):89-108 (1999).

20. Jorgensen M, Hummel R, Bevort M, Andersson AM,
Skakkebaek NE, Leffers H. Detection of oestrogenic
chemicals by assaying the expression level of oestrogen
regulated genes. APMIS 106:245-251 (1998).

21. VanderKuur JA, Hafner MS, Christman JK, Brooks SC.
Effects of estradiol-17) analogues on activation of estro-
gen response element regulated chloramphenicol acyl-
transferase expression. Biochemistry 32:7016-7021 (1993).

22. Meyer T, Koop R, von Angerer E, Schonenberger H, Holler
E. A rapid luciferase transfection assay for transcription
activation effects and stability control of estrogens in cell
culture. J Cancer Res Clin Oncol 120:359-364 (1994).

23. Vinggaard AM, Joergensen ECB, Larsen JC. Rapid and
sensitive reporter gene assays for detection of antian-
drogenic and estrogenic effects of environmental chemi-
cals. Toxicol AppI Pharmacol 155:150-160 (1999).

24. Andersson AM, Skakkebaek NE. Exposure to exogenous
estrogens in food: possible impact on human develop-
ment and health. Eur J Endocrinol 140:477-485 (1999).

25. Nishikawa J, Saito K, Goto J, Dakeyama F, Matsuo M,
Nishihara T. New screening methods for chemicals with
hormonal activities using interaction of nuclear hormone
receptor with coactivator. Toxicol AppI Pharmacol
154:76-83 (1999).

26. Masamura S, Santner SJ, Heitjan DF, Santen RJ.
Estrogen deprivation causes estradiol hypersensitivity in
human breast cancer cells. J Clin Endocrinol Metab
80:2918-2925 (1995).

27. Gaido KW, Leonard LS, Lovell S, Gould JC, Babae D,
Portier CJ, McDonnell DP. Evaluation of chemicals with
endocrine modulating activity in a yeast-based steroid
hormone receptor gene transcription assay. Toxicol AppI
Pharmacol 143:205-212 (1997).

28. Bolger R, Wiese TE, Ervin K, Nestich S, Checovich W.
Rapid screening of environmental chemicals for estro-
gen receptor binding capacity. Environ Health Perspect
106:551-557 (1998).

29. Petit F, Le Goff P, Cravbdi JP, Valotaire Y, Pakdel F. Two
complementary bioassays for screening the estrogenic
potency of xenobiotics: recombinant yeast for trout
estrogen receptor and trout hepatocyre cultures. J Mol
Endocrinol 19:321-335 (1997).

30. Liang P, Pardee AB. Differential display of eukaryotic
messenger RNA by means of the polymerase chain reac-
tion. Science 257:967-971 (1992).

31. Jorgensen M, Bevort M, KIedal TS, Dalgaard M, Leffers
H. Differential display competitive polymerase chain
reaction: an optimal tool for assaying gene expression.
Electrophoresis 20:230-240 (1999).

32. Leffers H. DD Base Homepage. Available: http://
www.biobase.dk/-ddbase/ [cited 14 February 2000].

33. Darbre P, Yates J, Curtis S, King RJB. Effect of estradiol
on human breast cancer cells in culture. Cancer Res
43:349-354 (1983).

34. Voss H, Nentwich U, Duthie S, Wiemann S, Benes V,
Zimmermann J, Ansorge W. Automated cycle sequenc-
ing with Taquenase: protocols for internal labeling, dye
primer and 'doublex" simultaneous sequencing.
Biotechniques 23:312-318 (1997).

35. Jorgensen M, Vendelbo B, Skakkebaek NE, Leffers H.
Unpublished data.

36. Fields C, Adams MD, White 0, Venter JC. How many
genes in the human genome? Nat Genet 7:345-346 (1994).

37. Jakowlew SB, Breathnach R, Jeltsch JM, Masiakowski
P, Chambon P. Sequence of the pS2 mRNA induced by
estrogen in the human breast cancer cell line MCF-7.
Nucleic Acids Res 12:2861-2878 (1984).

38. Orlando C, Pinzani P, Pazzagli M. Developments in quan-
titative PCR. Clin Chem Lab Med 36:255-269 (1998).

39. Santagati S, Garnier M, Carlo P, Violani E, Picotti GB, Maggi
A. Quantitaton of low abundance mRNAs in glial cells using
different polymerase chain reaction (PCR)-based methods.
Brain Res Brain Res Protoc 1:217-223 (1997).

40. Rio MC. What is/are the function(s) of trefoil peptides?
Bull Cancer 84:443-446 (1997).

41. Taupin D, Wu D-C, Jeon W-K, Devaney K, Wang TC,
Podolsky DK. The trefoil gene family are coordinately
expressed immediate-early genes: EGF receptor- and
MAP kinase-dependent interregulation. J Clin Invest
103:R31-R38 (1999).

42. Jeltsch JM, Roberts M, Schatz C, Garnier JM, Brown AMC,
Chambon P. Structure of the human oestrogen-responsive
gene pS2. Nucleic Acids Res 15:1401-1414)1987).

43. Berry M, Nunez AM, Chambon P. Estrogen-responsive ele-
ment of the human pS2 gene is an imperfectly palindromic
sequence. Proc Natl Acad Sci USA 86:1218-1222 (1989).

44. El Ashry D, Chrysogelos SA, Lippman ME, Kern FG.
Estrogen inducfion of TGF-alpha is mediated by an estro-
gen response element composed of two imperfect palin-
dromes. J Steroid Biochem Mol Biol 59:261-269 (1996).

45. Wang F, Porter W, Xing W, Archer TK, Safe S.
Identification of a functional imperfect estrogen-respon-
sive element in the 5'-promoter region of the human
cathepsin D gene. Biochemistry 36:7793-7801 (1997).

46. Kraus WL, Montano MM, Katzenellenbogen BS.
Identification of multiple, widely spaced estrogen-
responsive regions in the rat progesterone receptor
gene. Mol Endocrinol 8:952-969 (1994).

47. Wahli W, Martinez E, Corthesy B, Cardinaux JR. cis- and
trans-acting elements of the estrogen-regulated vitel-
logenin gene B1 of Xenopus Iaevis. J Steroid Biochem
34:17-32 (1989).

48. Ma ZQ4 Bondiolotti DM, Olasmaa M, Violani E, Patrone C,
Pigotti GB, Maggi A. Estrogen modulation of cate-
cholamine synthesis and monoamine oxidase A activity
in the human neuroblastoma cell line SK-ER3. J Steroid
Biochem Mol Biol 47:207-211 (1993).

49. Ma ZO, Violani E, Villa F, Picotti GB, Maggi A. Estrogenic
control of monoamine oxidase A activity in human neu-
roblastoma cells expressing physiological concentrations
of estrogen receptor. Eur J Pharmacol 284:171-176 (1995).

50. Holschneider DP, Kumazawa T, Chen K, Shih JC. Tissue-
specific effects of estrogen on monoamine oxidase A
and B in the rat. Life Sci 63:155-160 (1998).

51. Klaiber EL, Broverman DM, Vogel W, Peterson LG,
Snyder MB. Individual differences in changes in mood

and platelet monoamine oxidase (MAO) activity during
hormonal replacement therapy in menopausal women.
Psychoneuroendocrinology 21:575-592 (1996).

52. Klaiber EL, Broverman DM, Vogel W, Peterson LG, Snyder
MB. Relationships of serum estradiol levels, menopausal
duration, and mood during hormonal replacement thera-
py. Psychoneuroendocrinology 22:549-558 (1997).

53. Chakravorty SG, Halbreich U. The influence of estrogen
on monoamine oxidase activity. Psychopharmacol Bull
33:229-233 (1997).

54. Sarabia SF, Liehr JG. Induction of monoamine oxidase B
by 17 beta-estradiol in the hamster kidney preceding car-
cinogenesis. Arch Biochem Biophys 355:249-253 (1998).

55. Bates SE, Davidson NE, Valverius EM, Freter CE, Dickson
RB, Tam JP, Kudlow JE, Lippman ME, Salomon DS.
Expression of transforming growth factor alpha and its
messenger ribonucleic acid in human breast cancer: its
regulation by estrogen and its possible functional signifi-
cance. Mol Endocrinol 2:543-555(1988).

56. Takahashi T, Eitzman B, Bossert NL, Walmer D, Sparrow
K, Flanders KC, McLachlan J, Nelson KG. Transforming
growth factors beta 1, beta 2, and beta 3 messenger RNA
and protein expression in mouse uterus and vagina during
estrogen-induced growth: a comparison to other estro-
gen-regulated genes. Cell Growth Differ 5:919-935 (1994).

57. Dannecker C, Possinger K, Classen S. Induction of TGF-
beta by an antiprogestin in the human breast cancer cell
line T-47D. Ann Oncol 7:391-395 (1996).

58. Knabbe C, Lippman ME, Wakefield LM, Flanders KC,
Kasid A, Derynck R, Dickson RB. Evidence that trans-
forming growth factor P is a hormonally regulated nega-
tive growth factor in human breast cancer cells. Cell
48:417-428 (1987).

59. Derynck R, Lindquist PB, Lee A, Wen D, Tamm J, Graycar
JL, Rhee L, Mason AJ, Miller DA, Coffey RJ, et al. A new
type of transforming growth factor-beta, TGF-beta 3.
EMBO J 7:3737-3743 (1988).

60. Massot 0, Baskevitch PP, Capony F, Garcia M, Rochefort
H. Estradiol increases the production of alpha 1-antichy-
motrypsin in MCF7 and T47D human breast cancer cell
lines. Mol Cell Endocrinol 42:207-214 (1985).

61. Krell J, Briand P. Estrogen-dependent release of serum
proteins from MCF-7 breast carcinoma cells in vitro.
Anticancer Res 8:89-91 (1998).

62. Blumberg B, Evans RM. Orphan nuclear receptors - new
ligands and new possibilities. Genes Develop
12:3149-3155 (1998).

63. Dowsett M, Macaulay V, Gledhill J, Ryde C, Nicholls J,
Ashworth A, McKinna JA, Smith IE. Control of aromatase
in breast cancer cells and its importance for tumor
growth. J Steroid Biochem Mol Biol 44:605-609 (1993).

64. Bowtell DDL. Options available - from start to finish - for
obtaining expression data by microarray. Nat Genet
21(suppl 1):25-32 (1999).

65. Debouck C, Goodfellow PN. DNA microarrays in drug
discovery and development. Nat Genet 21(suppl 1):48-50
(1999).

*A *~~~~~~~~~~~~~~~~~~~~~~~~~* 'S~~~~~~~~~~~~~~~~~~~

- /~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

S -S

412 VOLUME 1081 NUMBER 5 1 May 2000 * Environmental Health Perspectives


